We numerically and experimentally demonstrate highly asymmetric transmission of linearly polarized waves with a multilayered metallic structure. The whole structure has a subwavelength thickness and consists of a thin slab of chiral metamaterial sandwiched between two 90
Introduction
Research on the phenomenon of the asymmetric transmission of light waves has been a hot topic for a long time, since it plays an indispensable role in many optical systems. One conventional way to achieve the asymmetric transmission of light is to take advantage of the non-reciprocity that can be obtained by using magneto-optical media or nonlinear media [1] [2] [3] [4] . Recently, it was demonstrated that asymmetric light propagation can also be realized by the breaking of parity-time symmetry with complex optical potentials [5] . Meanwhile, asymmetric but still reciprocal transmissions by using conventionally isotropic and linear materials have also attracted much research effort.
For instance, the asymmetric transmissions of linearly polarized (LP) waves can be realized by using nonsymmetrical grating structures [6] [7] [8] [9] [10] [11] , two mutually twisted grating structures [12, 13] , multilayered anisotropic chiral metamaterials [14] [15] [16] [17] [18] [19] , and a composite structure consisting of symmetric gratings with a subwavelength slit and a polarization rotator [20] . The asymmetric transmissions of circularly polarized waves can be realized by planar chiral structures consisting of only a single layer of meta-atoms [21] [22] [23] [24] [25] [26] . Furthermore, asymmetric transmissions of linearly and circularly polarized waves can be achieved simultaneously with a thin structure composed of three-dimensional (3D) meta-atoms [27, 28] . The effects of asymmetric transmissions for LP waves can be used to design polarization transformers [16, 29] and diode-like devices [15, 20] . The effect of asymmetric transmissions for circularly polarized waves can be used to manipulate the resonant modes of a ring resonator [21] .
In this report, we propose a multilayered metallic structure to realize extremely asymmetric transmission of LP waves. In this multilayered metallic structure, we have included a thin slab of chiral metamaterial to take advantage of its property of rotating a linear polarized incident wave into its cross polarized wave. The following sections are arranged as follows. In section 2, we introduce the operation principle of the multilayered metallic structure by using the Jones matrix method. In section 3, we show the simulation and experimental results together with some discussions. Conclusions are presented in section 4.
Operation principle
The transmission of coherent electromagnetic waves through a slab of a dispersive medium that is embedded in vacuum or air can be described by means of complex Jones matrices T [27, 28, 30] . Consider a normally incident plane wave propagating in the +z direction, and its electric field is E i (r, t) = (I x , I y ) T e i(kz−ωt) , with angular frequency ω, wave vector k, and complex amplitudes I x and I y in the x and y directions, respectively. The transmitted wave is given by E t (r, t) = (T x , T y ) T e i(kz−ωt) . Here, the incident and transmitted waves are decomposed into the linear base with the base vectors parallel to the coordinate axes, i.e., the x-and y-polarized waves. The complex amplitudes of the incident waves and transmitted waves can be related by the T matrix [28] ,
The index f indicates the forward propagation. For the fixed coordinate system, the wave propagation in the backward direction is equal to a situation wherein the sample is rotated by 180
• with respect to either the x or y axis. For a medium made of reciprocal materials, applying the reciprocity theorem of four-port systems renders the T matrix for the backward propagation T b [28] 
These components (A, B, C, and D) obey fixed relations for certain symmetries of the medium [28] . From equations (1) and (2), the asymmetric transmission for a given linear base vector can be defined as the difference between the transmitted intensities for different propagation directions as,
According to equation (3), the asymmetric transmission of y-polarized LP waves is the reverse of that of x-polarized LP waves. Therefore, in the following, we will only discuss the asymmetric transmission for x-polarized waves for the sake of conciseness. An idea asymmetric transmission should be that in one direction the transmission is unity while in the opposite direction the transmission is zero and, therefore, the asymmetric transmission is also unity. This requires the diagonal components of the T matrix (A and D) to be zero, and one of the off-diagonal components (B or C) to be zero while the other one is unity, such as,
It has been pointed out that a one layered metallic structure (a planar structure) is not enough to achieve the asymmetric transmission of LP waves because the off-diagonal components of its T matrix are equal (the component B is equal to C) [28] . Thus, we must use multilayered metallic structures to accomplish this task. Fortunately, for a multilayered structure, its transmission properties can be obtained by the cascaded multiplication of the Jones matrices if the reflection effects between the adjacent layers are not significant. According to this idea, we have designed a multilayered metallic structure that consists of one slab of chiral metamaterial sandwiched between two 90
• twisted grating polarizers. Figure 1 shows the schematics of the multilayered metallic structure.
An ideal metallic grating polarizer has a T matrix as in the following,
if the metallic wires are along the y direction. For the case when the metallic wires are along the x direction, the T matrix is,
At the chiral resonance frequencies, the T matrix for an idea chiral metamaterial slab that has C4 symmetry with respect to the z axis is the following,
Now, the T matrix of the whole multilayered structure in figure 1 can be obtained by multiplying the corresponding T matrices of each slab as following, where the trivial phase information resulted from the interspace between the polarizers and the chiral slab is neglected. Thus, we have obtained a structure with the asymmetric transmission of unity for LP waves.
Results and discussions
In figure 1 , the grating polarizers (A and B) are composed of long continuous metallic (copper) wires patterned on an FR4 printed circuit board (ε r = 4.4 with a dielectric loss tangent of 0.025). The thicknesses of the copper and FR4 board are 30 µm and 1 mm, respectively. The periodic constant of the grating is 1.3 mm and the width of the copper wires is 0.8 mm.
The slab of chiral metamaterial consists of two layered cross wires mutually twisted by 40
• patterned on a Teflon substrate (ε r = 2.08 with a dielectric loss tangent of 0.0004). The thicknesses of the copper and Teflon board are 30 µm and 1 mm, respectively. The cross wires have a length of 12 mm and a width of 1 mm. The periodic constants in both the x and y directions are 13 mm. The same chiral metamaterial has been studied previously [31] .
To study this multilayered structure, we have conducted numerical simulations. The simulation works were carried out by using CST microwave studio (Computer Simulation Technology GmbH, Germany), wherein the finite integration technique was applied. The periodic boundary conditions were applied to the x and y directions, and the absorbing boundary conditions were applied to the z direction. Figure 2 shows the simulation results of the transmission curves for the grating polarizers and chiral metamaterial before they are combined into a whole structure. Although our structures cannot be seen as idea polarizers and a chiral medium, their transmission characters are qualitatively close to the ideal case. Figure 3 shows the simulation results of the transmission curves for the whole structure where the distance d between the grating polarizer and the chiral metamaterial is set to be 1 mm, as shown in figure 1 . Figure 3(a) shows the amplitude transmissions of LP waves with the E field polarized in the x direction, which is incident from the +z and −z directions. It is clearly seen that all the transmissions are quite low except for the T yx curve for the +z direction in the frequency band around the chiral resonance. At the chiral resonant frequency of 10.44 GHz, the T matrix of the whole structure is [0.035 0.815; 0.003 0.035] where the trivial phase information is neglected. It is noticed that the chiral resonant frequency (10.44 GHz) of the whole structure is slightly lower than that of the chiral slab alone (10.66 GHz).
In order to understand the possible mechanisms for this slight change of the chiral resonant frequency, we have done additional simulations in which we replaced the two grating polarizers with two bare FR4 boards at the same positions. Figure 4 shows the simulation results for the chiral slab adding two bare FR4 boards and the chiral slab alone. It is found that the chiral resonant frequency shifted from 10.66 GHz to 10.44 GHz after the addition of two bare FR4 boards. Based on the simulation results of figures 3(a) and 4, it is clear that the change of the chiral resonant frequency is due to the closely placed FR4 boards (which have a higher dielectric constant than air). It also implies that the bare metallic grating structures have negligible effects on the chiral resonant frequency.
Furthermore, we checked the quality (Q) factors of the T yx curves for the chiral slab alone and the whole structure consisting of chiral slab and two grating polarizers. Q is defined in terms of the ratio of the energy stored in the resonator to the energy lost per cycle. The Q factors can be calculated mathematically by the definition Q = f r / f , where f r is the resonant frequency, and f is the half power bandwidth. The Q factors are about 30 and 60 for the chiral slab alone and the whole structure, respectively. The Q factor of a resonator is mainly affected by two kinds of energy losses. One loss is the energy dissipated in the materials of the resonator, and the other is the radiation loss. For the structures studied here, the energy dissipated in the materials of the resonator is only a small fraction of the radiation loss (detailed results not shown here), therefore we mainly consider the radiation loss. For the chiral slab alone, when it resonates it can radiate energy in both +z and −z directions and in both x-and y-polarized waves. However, the situation is different for the whole structure consisting of chiral slab and two grating polarizers. The grating structures have a high reflectivity for LP waves parallel to the metallic wires, while they are nearly transparent for LP waves perpendicular to the metallic wires. Now, the chiral resonator can only radiate energy freely in the +z direction with a ypolarized wave and in the −z direction with an x-polarized wave. Other radiations are mostly reflected back. Therefore, the radiation loss is approximately reduced to half of the value of the chiral slab alone. Consequently, the Q factor of the whole structure increased to about 60. Furthermore, the effects of the reflections by the two grating polarizers result in the enhanced transmission peak of the T yx . Therefore, the T yx component (0.815) of theT matrix of the whole structure is higher than the corresponding one (0.694) that was calculated based on equation (8) where reflection effects are neglected. It should be emphasized that this increase of T yx is obtained with the cost of a narrower transmission curve (higher Q factor) as shown in figure 3(a) . Figure 3(b) shows the total transmitted power for x-polarized waves that are incident from the +z and −z directions. In the frequency near 10.5 GHz, the difference of the transmitted power reaches nearly 30 dB.
To better understand the physical insight of the asymmetric transmission, we give the details of the electric fields and surface currents distributions of the grating structure (at 10.44 GHz), the chiral slab (at 10.66 GHz), and the whole structure (at 10.44 GHz) in figure 5. For the grating structure, it is nearly transparent for an x-polarized wave but reflects back most of the y-polarized wave, as shown in figures 5(a) and (b). For the chiral slab, the x-polarized incident wave is transformed into a y-polarized output wave at the chiral resonant frequency, as shown in figure 5(c) . Due to its C4 symmetry, the y-polarized incident wave is transformed into an x-polarized output wave at the chiral resonant frequency. For the purpose of clarity, the results for a y-polarized incident wave are not included in figure 5 . Correspondingly, the surface currents in the cross wires are antiparallel, similar as the results published previously [32] . For the whole structure, it transforms the x-polarized incident wave into a y-polarized output wave at the chiral resonant frequency, as shown in figure 5(d) . Correspondingly, the surface currents mainly concentrate on the cross wires and remain antiparallel. On the other hand, it reflects back most of the y-polarized incident wave, and there is no significant surface current on the cross wires, as shown in figure 5(e) .
In order to verify the above designed structure, we fabricated the chiral structures with a dimension of 26 cm by 26 cm. The side length of the samples is about eight times bigger than the operation wavelength (about 3 cm). The transmission coefficients were measured by using an HP-8510C network analyser with two standard horn antennas in an anechoic chamber. The horn antennas have an operation bandwidth from 7.5 GHz to 12.8 GHz. During the experiment, the distance between the samples and the antennas are kept at 30 cm. A LP electromagnetic wave (E field in the x direction) is incident on the structure. On the other side of the structure, we measured the transmitted field in the x and y polarizations (T xx and T yx ). Thus, we have measured the transmissions for the +z and −z directions. Figure 6(a) shows the experimental results of T xx and T yx in both the +z and −z directions. At the chiral resonant frequency of 10.59 GHz, the T matrix of the whole structure is [0.021 0.479; 0.001 0.017] where the trivial phase information is neglected. Figure 6 (b) shows the total transmitted power for x-polarized waves that are incident from the +z and −z directions. In the frequency near 10.59 GHz, the difference of the transmitted power is more than 30 dB. The small differences between the results of experiments and simulations might be due to the fabrication imperfections and scattering effects between the sample and the antennas during the measurement. Nevertheless, our experiment has successfully verified the simulation results and the design principle for multilayered structures with asymmetric transmissions of LP waves. It should be noted that in our previous study, two closely stacked chiral slabs may couple to each other and therefore have a new chirality different from a single chiral slab [31] . However, in the present simulations and experiments, we found that the physical characters of the chiral slab have only very little changes when they are stacked closely with metallic grating polarizers. These results show that chiral metamaterials can be safely integrated into complex structures as long as their resonant modes are not affected by the environment.
It is noteworthy that in the simple principle proposed here, the reflection effects are not included in the calculations. This is approximately valid when the reflection effects are relatively small. However, if the reflection effects are significant, the present simple principle may give incorrect results. In this case, one needs to apply the rigorous transfer matrix method for anisotropic media [33] .
We have previously reported two different structures for asymmetric transmissions of LP waves [16, 20] . In the work of [16] , we took advantage of the effects of magnetoelectric coupling and electromagnetic wave tunnelling. This design requires the dimensions of the components being precisely selected and fabricated, or the tunnelling effect will become weak. In the work of [20] , the resonant frequency of the polarization rotator must coincide with the frequency of the strongest enhanced transmission in the design and fabrication, or the transmission will decrease rapidly. On the contrary, in the structure presented here, the grating polarizer can operate well in a very broad bandwidth. One only needs to consider the resonant frequency of the chiral slab. Furthermore, one can use any other type of chiral slabs to substitute the cross wires structure and obtain similar results. Our simulation results (details not shown here) have shown that a 'U'-shaped chiral metamaterial slab [34] and a complementary chiral metamaterial slab [35] can be used to substitute the cross wires structure to obtain similar asymmetric transmissions. Besides, due to the loss in the FR4 boards, the performance of our grating polarizers are not as good as conventional highperformance polarizer filters. Therefore, one can replace the grating polarizers with high-performance polarizer filters to enhance the transmission of the whole structure. Based on the above arguments, the proposed design in this report is more flexible than previous designs [14] [15] [16] [17] [18] [19] [20] and can be easily used in varied applications.
Conclusions
In conclusion, we have proposed a multilayered structure for achieving the asymmetric transmission of linearly polarized waves, and its operation principle can be understood based on the method of the Jones matrix. The multilayered structure has subwavelength thickness and consists of one thin slab of chiral metamaterial sandwiched between two 90
• twisted grating polarizers. Both our simulation and experiment results show that this structure can be used to achieve highly contrast asymmetric transmission for linearly polarized incident waves. It is also shown that chiral metamaterials can be safely integrated into complex structures and treated as an effective medium as long as their resonant modes are not affected by the environment.
